Background: BMI1 regulates cancer stem cell phenotype and is overexpressed in cancer cells. Results: PLK1 regulates BMI1 expression and its inhibitors suppress BMI1 expression, and induce premature senescence. Conclusion: BMI1 acts downstream of PLK1, and its expression is strongly inhibited by PLK1 inhibitor BI 2536. Significance: PLK1 inhibitors can be used to suppress growth of breast cancer cells overexpressing BMI1.
post-translational modification (PTM) activities that epigenetically silence gene expression (7, 8) . BMI1, the main constituent of PRC1, promotes monoubiquitination of H2A, which plays a role in chromatin compaction during PRC-mediated gene silencing (7, 8) . Overexpression of BMI1 in cancer cells has been shown to promote cancer stem cell phenotype (9, 10) . It was found that BMI1 is required for proliferation and self-renewal of breast and prostate CSCs (9, 10) . BMI1 is also required for self-renewal of normal stem cells, such as neural, hematopoietic, intestinal, and mammary stem cells (11) (12) (13) (14) (15) . It has been shown that the overexpression of BMI1 results in repression of tumor suppressor p16INK4a (16, 17) , which is epigenetically silenced in many cancers. BMI1 also plays an important role in senescence and aging (18) . The exogenous overexpression of BMI1 results in extension of replicative life span of cells, and immortalization of certain epithelial cell types (16, 19) . BMI1 can also regulate the expression of p16INK4a-independent targets that are relevant to aging and cancer (20 -22) . Recently, it was shown that the BMI1 targets include genes involved in transforming growth factor-␤/bone morphogenetic protein (TGF-beta/BMP) and endoplasmic reticulum (ER) stress (23) , and WNT pathways (24) . BMI1 is transcriptionally regulated by c-Myc and E2F1 transcription factors (25, 26) . BMI1 is also regulated post-transcriptionally by several miRNAs. These miRNAs include miR-200c (10) , and miR-141 (27) , both of which are co-transcribed from the miR-200c/miR-141 loci on chromosome 12p13.31 (28, 29) . The miR-200c has been shown to regulate breast cancer stem cell phenotype by targeting PcG protein BMI1 (10) . Other miRNAs such as miR-15a, miR-16, miR-218, and miR-128 also have been shown to regulate expression of BMI1 and cancer stem cell phenotype to a varying degree in different cancer cell types (30 -32) . Very recently, we reported that by targeting BMI1, both miR-200c and miR-141 directly induce cellular senescence via pRb-p16 pathway in human diploid fibroblasts (HDFs) (27) .
Polo-like kinase 1 (PLK1), the best characterized member of the PLK family plays an active role in carcinogenesis and contribute to transformed properties of cancer cells (33) . Similar to BMI1, PLK1 is overexpressed in a broad spectrum of cancers and often correlates with a poor prognosis (34, 35) and is considered a strong therapy target for cancer treatment. Many small molecule inhibitors of PLK1 such as BI 2536 have been shown to inhibit oncogenic phenotypes and tumor growth in vivo (34, 36) . Recently, it was shown that PLK1 inhibition can induce cellular senescence in human diploid fibroblasts (37) . Since, BMI1 is a major regulator of senescence (16, 17) , and its knockdown also induces senescent phenotype (25) , it is possible that PLK1 inhibition induces senescence via regulation of BMI1. Here, we studied the effect of PLK1 inhibition on BMI1 expression and determined whether the PcG protein BMI1 is a target of PLK1 inhibitor BI 2536. Our data suggest that PLK1 regulates BMI1 expression and that its inhibition results in down-regulation of BMI1 and PRC1 activity. Furthermore, BMI1 overexpression can rescue inhibition of oncogenicity induced by PLK1 inhibition. Mechanistically, PLK1 inhibition appears to regulate BMI1 expression via up-regulation of miR-200c and miR-141.
EXPERIMENTAL PROCEDURES
Cells, Cell Culture Methods, and Reagents-The breast cancer cell lines MCF7, MDA-MB-231, MDA-MB-453 and MDA-MB-468, and 293T cells were obtained from the American Type Culture Collection (ATCC) (Manassas, VA). The cells were cultured as described previously (24, 27) . The PLK1 inhibitor BI 2536 was obtained from Selleck Chemicals (Houston, TX), and dissolved in DMSO prior to use. For EdU (5Ј ethynyl-2Ј-deoxyuridine, a thymidine analog) staining, CF594-azide (red fluorescence), and CF488A-azide (green fluorescence), were obtained from Biotium (Hayward, CA).
Expression Vectors, Promoter-Reporters, 3Ј-UTR Reporters, Transient Transfections, Retrovirus, and Lentivirus production, and Luciferase Assays-Lentiviral vector pEZX-AM03 expressing miR-141, and miR-200c inhibitors, and a miRNA-scrambled control clone were obtained from the Genecopoeia (Rockville, MD). The PLK1 shRNAs and control shRNAs were from OriGene (Rockville, MD). The retroviral vectors overexpressing wild type BMI1 (pBabe-BMI1 (puro) or pMSCV-BMI1 (hygro)) and method for producing retroviruses, and transient transfection using calcium phosphate or FuGene 6 (Promega, Madison, WI), have been described previously (24, 38) . The PLK1 overexpressing retroviral vector pWZL Neo Myr Flag PLK1 (originally from Dr. Jean Zhao), was obtained from Addgene (Cambridge, MA). The 3Ј-UTR reporter vectors pLS-miR-141WT, pLS-miR-141Mut, pLS-miR-200cWT and pLS-miR-200cMut contain wild type or mutant miR seed sequences of respective miRs and have been described previously (27) . To generate the miR-200C/141 promoter reporter plasmid, the upstream sequence information of miR-200C/141 cluster was retrieved from NCBI database (NW_003871083.2), and the promoter region from Ϫ683 to Ϫ44 bp was amplified and cloned into pGL4.18 vector (Promega). The 3Ј-UTR reporter assays were performed as recommended by the manufacturer using LightSwitch Dual Assay System (SwitchGear Genomics, Menlo Park, CA) and described previously (27) . Similarly, the promoter-reporter assays were performed using Dual-Luciferase Reporter Assay System (Promega) as described previously (24) .
Antibodies and Western Blot Analyses-Various antibodies were obtained from the commercial sources. The p53 mouse monoclonal antibody (mAb) and a p21 mAb were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The BMI1 mAb was from Invitrogen (Carlsbad, CA). The polyclonal antibody (pAb) against PLK1 and Phospho-PLK1 were obtained from Cell Signaling Technology (Danvers, MA). The ␤-actin mAb was from Sigma-Aldrich. The pAbs against H2AK119Ub and total H2A were obtained from Millipore (Billerica, MA) and Cell Signaling Technology (Danvers, MA) respectively. Western blot analyses were done using specific antibodies as described previously (20, 39) .
Quantitative RT-PCR Analysis-The total RNA was extracted using the miRNeasy Mini Kit (Qiagen), and reverse transcribed using a miRNA cDNA synthesis kit from Quanta Biosciences, (Gaithersburg, MD). The quantitative real-time PCR (qRT-PCR) was performed using miR-141-, miR-200c-or RNU6Bspecific primers from Quanta Biosciences, (Gaithersburg, MD), as per the manufacturer's protocol in a Step one plus RT-PCR machine from ABI (Foster, CA) as described (27) The comparative C T (⌬⌬C T ) method was used to calculate RQ of miRNA expression using RNU6B as the endogenous control.
Proliferation, Senescence-associated ␤-Galactosidase Assay, EdU Staining, Soft-agar Colony Formation, Mammosphere, and Aldefluor Assays-The proliferation assays were performed as described (25, 40) . Senescence was determined using SA-␤-Gal marker (25, 40) . The EdU and SA-␤-Gal co-staining was performed as described (41) . Images were taken with a Nikon Eclipse Ti microscope camera under ϫ10 magnification and stained cells were counted as described (42) . The soft-agar colony formation assay to determine oncogenic potential was done as described (21) . For the study of Cancer Stem Cell (CSC) phenotype, Mammosphere formation, Aldefluor and flow cytometry assays were performed as described (24) .
Statistical Analysis-All experiments were performed at least three times in triplicates for each group. The results are presented as the mean Ϯ S.D. Statistical significance was determined using Student's t test, and p Ͻ 0.05 was considered significant.
RESULTS

PLK1 Regulates Expression of the PcG Protein BMI1 and Its
Activity-To determine whether the PLK1 can regulate activity and function of PcG proteins, we analyzed expression of BMI1 in control and PLK1 knockdown cells by Western blot analysis. We also determined whether PLK1 knockdown results in down-regulation of H2AK119 ubiquitination activity of PRC1 by analyzing total H2A and H2AK119Ub levels by Western blot analysis. Our data indicated that PLK1 knockdown using two different shRNAs (PLKi46 and PLKi47) but not a control shRNA resulted in down-regulation of BMI1 as well as decreased levels of H2AK119Ub in MCF7, MDA-MB-231, and MDA-MB-468 cells ( Fig. 1A ). Next, we determined whether stable overexpression of PLK1 in MCF10A results in up-regulation of expression of BMI1 and H2AK119Ub levels indicative of PRC1 activity. Our results indicated that indeed PLK1 overexpression leads to up-regulation of BMI1 and PRC1 activity ( Fig. 1B ). Next, we determined whether BI 2536, a well-known and highly effective inhibitor of PLK1 (36) , can down-regulate the expression of BMI1 and PRC1 activity. Our data showed that BI 2536 down-regulated BMI1 and H2AK119Ub levels in a dose-dependent manner in all three breast cancer cell lines (Fig.  1C ). Similar results were obtained in MDA-MB-453 cell line (data not shown). Collectively, our results indicate that PLK1 regulates expression of BMI1 and PRC1 activity, and that PLK1 inhibitor BI 2536 is also a potent inhibitor of BMI1.
Exogenous BMI1 Expression Overcomes Inhibition of Oncogenic Phenotypes Induced by PLK1 Inhibition-The PLK1 inhibitor BI 2536 is a potent inhibitor of cell proliferation and oncogenic phenotypes (36) . If BMI1 is a physiologically relevant downstream target of PLK1, the exogenous overexpression of BMI1 should overcome the growth inhibitory effect of BI 2536 or PLK1 knockdown. To test this hypothesis, we stably overexpressed BMI1 in MCF7 cells (Fig. 2 ). MCF7 control (MCF7-B0) and BMI1 overexpressing MCF7 cells (MCF7-BMI1) were treated with BI 2536, and their rate of proliferation was determined by counting and plotting cell numbers for 3, 5, 7, and 9 days. Our data indicated that BI 2536 strongly inhibited proliferation of MCF7 control cells, and that BMI1 overexpression rescued proliferation inhibition induced by BI 2536 ( Fig. 2A ). We also determined whether exogenous expression of BMI1 can rescue inhibition of other oncogenic phenotypes such as colony formation in soft agar induced by PLK1 inhibitor BI 2536. MCF7-B0 and MCF7-BMI1 cells were mock-or BI 2536treated, and soft agar colony formation potential of treated cells was determined. The results indicated that exogenous BMI1 expression (in MCF7-BMI1) can restore colony formation in BI 2536-treated cells ( Fig. 2B ).
Next, we determined whether exogenous BMI1 can overcome growth inhibitory effect of PLK1 knockdown. For this experiment MCF7 cells stably expressing BMI1 were generated by infecting cells with pMSCV-BMI1 (hygro) vector. Control MCF7 (MCF7-pMSCV) and MCF7 cells expressing BMI1 (MCF7-pMSCV-BMI), were further infected with a control or 2 different PLK1 shRNA-expressing retroviral vectors. The cells were then selected in puromycin The resulting set of cell lines with combinations of vector or BMI1 expressing cells with a control shRNA or PLK1 shRNAs (PLKi46 and PLKi47) were further studied for cell proliferation and colony formation in soft agar (Fig. 3 ). The data indicated that the PLK1 knockdown resulted in strong inhibition in proliferation, and that BMI1 overexpression rescued proliferation inhibition caused by PLK1 knockdown (Fig. 3A) . Similarly, soft agar colony formation assay indicated that PLK1 knockdown strongly inhibits colony formation in soft agar, whereas exogenous BMI1 overexpression rescues inhibition of colony formation potential of PLK1 knockdown cells ( Fig. 3B ). Western blot assays were done to confirm knockdown or inhibition of PLK1 and phospho-PLK1 by PLK1 shRNAs and BI 2536 ( Fig. 3A, right panel) . West-FIGURE 1. PLK1 regulates expression of the PcG protein BMI1 and PRC1 activity. A, MCF7, MDA-MB-231, and MDA-MB-468 cells stably expressing a control and two PLK1-specific shRNAs (PLKi46 and PLKi47) were generated by infection with respective retroviral vectors and selection in puromycin (1 g/ml). The expression of PLK1, phospho-PLK1 (P-PLK1), BMI1, total H2A, H2AK119Ub, and ␤-actin was determined by Western blot analysis. B, MCF10A cells overexpressing PLK1 were generated by infecting cells with PLK1 expressing retrovirus, and selecting cells in G418 for 7 days. After selection, control (vector) and PLK1 WT-expressing cells were analyzed for PLK1, P-PLK1, BMI1, total H2A, H2AK119Ub, and ␤-actin by Western blot analysis. C, indicated sets of cells were treated with 0 (DMSO), 50, and 100 nM of PLK1 inhibitor BI 2536 for 24 h. The total cell lysates were prepared and expression of PLK1, P-PLK1, BMI1, total H2A, H2AK119Ub, and ␤-actin was detected by Western blot analysis. The proteins were quantified by densitometry using ImageJ software and the fold induction of each protein normalized to ␤-actin was determined. The fold induction of relevant protein is shown below the immunoblot (IB) of each protein. ern blot analysis also showed that the exogenous BMI1 overexpression can restore PLK1 and phospho-PLK1 expression ( Fig.  3A, right panel) .
PLK1 Inhibition Suppresses Cancer Stem Cell (CSC) Phenotype and Exogenous BMI1 Overcomes Inhibition of CSC Phenotype by BI 2536 in Breast Cancer Cells-PcG protein BMI1 is known to regulate breast CSC phenotype (10, 24) . Hence, we determined whether PLK1 inhibition results in down-regulation of CSC phenotype in breast cancer cells and whether BMI1 overexpression can rescue inhibition of CSC phenotype by PLK1 inhibition. First, control (B0) or BMI1-overexpressing MCF7 and MDA-MB-231 cells were mock-or BI 2536-treated and plated for mammosphere formation. After 7 days, the number of mammospheres were counted and plotted. The results indicated that BI 2536 strongly inhibited number and size of mammospheres in control MCF7 (MCF7-B0) and MDA-MB-231 (MDA-MB-231-B0) but not in BMI1-overexpressing-MCF7 and MDA-MB-231 cells (Fig. 4A ). Next, we studied the effect of PLK1 inhibitor on CSC phenotype by determining the ALDH1 activity using an Aldefluor assay kit. The data indicated that the treatment with BI 2536 led to decrease in fraction of ALDH-positive cells from 2.53% to 0.95% (62.45% decrease), while BMI1 overexpression partially restored fraction of ALDH-positive cells (Fig. 4B) . Similar results were obtained in MCF7 cells (not shown). We also studied the effect of BI 2536 on CD44 expression in MDA-MB-231 cell line, which have high proportion of CD44-expressing cells. The results indicated that BI 2536 decreased the fraction of CD44 positive cells to 61%, while exogenous BMI1 restored the fraction of CD44-positive cells (Fig. 4C ). We further confirmed inhibition of CSC phenotype by PLK1 inhibition using PLK1 knockdown. MCF7 and MDA-MB-231 cells expressing exogenous BMI1 (pMSCV-BMI1) or vector control (pMSCV), and PLKi46 and PLKi47 or control shRNA were studied for mammosphere formation. The results indicated that PLK1 knockdown strongly inhibited mammosphere formation, and that BMI1 overexpression rescued inhibition of mammosphere formation by PLK1 knockdown in both MCF7 and MDA-MB-231 cells (Fig. 5) .
PLK1 Inhibition Induces Premature Senescence and Exogenous BMI1 Overcome Premature Senescence Induction by BI 2536 in Breast Cancer Cells-PLK1 inhibition results in mitotic arrest and cell death in most cancer cells (36) . It can also result in premature senescence in human diploid fibroblasts (HDFs) via induction of p53 (37) . To determine whether BI 2536 can induce premature senescence in MCF7 cells and that exogenous BMI1 expression can overcome premature senescence induced by BI 2536, we treated MCF7-B0 (vector control) and MCF7-BMI1 cells with the 50 nM BI 2536 for 24 h and stained cells for senescence-associated ␤-galactosidase (SA-␤-Gal), which is a well-known marker of cellular senescence (40) . We also stained cells with EdU, a proliferation marker, which can be used together with SA-␤-gal marker to identify senescent cells (41) . Our data indicated that BI 2536 strongly induced premature senescence in control MCF7 cells (MCF7-B0), but not in BMI1 overexpressing MCF7 cells (Fig. 6A ). We also determined the expression of BMI1, PLK1, p53, and p21 in BI 2536 and mock-treated cells by Western blot analysis. As expected, results indicated that BI 2536 did not downregulate exogenous BMI1, and H2AK119Ub activity mediated by exogenously overexpressed BMI1 (Fig. 6A, right panel) . There was a robust induction of p53 and p21 by BI 2536 in control B0 cells, but in BMI1-overexpressing cells p53 and p21 induction was attenuated ( Fig. 6A, right panel) . The total PLK1 and phospho-PLK1 levels were also down-regulated by BI 2536 in B0 control cells indicating that BI 2536 not only inhibits the activity of PLK1 but also its expression. Alternatively, lower levels of phospho-PLK1 could simply reflect lower expression of total PLK1 in these cells. MCF7 cells do not express p16, which is also a major regulator of senescence (43) , and a target of BMI1 (16, 17) . Hence, a similar experiment was carried out using another breast cancer cell line MDA-MB-468, which expresses p16. Our data indicated that PLK1 inhibition also resulted in senescence induction (Fig. 6B, left panel) and p16 up-regulation in addition to p21 up-regulation in MDA-MB-468 cells, and exogenous BMI1 strongly attenuated p16 induction by BI 2536 (Fig. 6B,  right panel) . No p53 induction was observed in control MDA-MB-468 cells, which express a mutant p53 indicating p21 induction by BI 2536 is independent of p53 in MDA-MB-468 FIGURE 5 . BMI1 overexpression overcomes inhibition of mammosphere formation by PLK1 knockdown. Control (pMSCV) and BMI1 (pMSCV-BMI1) overexpressing MCF7 and MDA-MB-231 cells expressing a control sh RNA or PLK1 sh RNAs (PLKi46 and PLKi47) (as indicated) were studied for mammosphere formation as described in Fig. 4A . In this case, the shRNA vector expresses GFP, hence mammospheres were photographed using a FITC filter (10ϫ mag). Error bars represent Ϯ S.D. *, p Ͻ 0.05 (significant); NS, not significant. cell line. In summary, our results indicate that PLK1 inhibition results in induction of premature senescence, which can be bypassed by exogenous BMI1 overexpression indicating that PLK1 regulates senescence via PcG protein BMI1.
PLK1 Inhibition Up-regulates miR-200c/141 Cluster-Next, we determined the mechanism of BMI1 down-regulation by PLK1 inhibition. The BMI1 expression is post-transcriptionally regulated by miR-200c/141 cluster (27) . Both miR-200c and miR-141 are potential tumor suppressive miRs and can induce senescence when overexpressed in HDFs (27) . These miRNAs are often but not always co-overexpressed (29) . Hence, we hypothesized that PLK1 inhibition may result in up-regulation of the miR-200c/141 cluster, which could then down-regulate endogenous BMI1 expression, but not exogenously overexpressed BMI1, which lack miR-200c and miR-141 targeting sequences in the 3Ј UTR (untranslated region) of the BMI1. To probe this hypothesis, we first examined the expression of miR-200c and miR-141 by qRT-PCR in MCF7 and MDA-MB-231 cells that were either mock-or BI 2536-treated. The data indicated that expression of both miR-200c and miR-141 was increased in a dose-dependent manner (Fig. 7A) . To further confirm the potential regulation of miR-200c and miR-141 by PLK1, we determined whether PLK1 knockdown in MCF7 results in up-regulation of miR-200c and miR-141 ( Fig. 7B ). We also examined whether PLK1 overexpression can down-regulate miR-200c and miR-141 expression in MCF10A cells (Fig. 7C ). Our data indicated that indeed PLK1 knockdown results in up-regulation of miR-200c and miR-141, while PLK1 overexpression resulted in down-regulation of miR-200c and miR-141 (Fig. 7, B and C) .
As both miR-200c and miR-141 can be co-transcribed through a common promoter (29) , and both appear to be coregulated by PLK1, we surmised whether PLK1 transcriptionally regulates miR-200c/141 cluster. To determine if this is the case, we cloned 639 bp upstream region of miR-200c/141 cluster in pGL4.18 reporter vector and examined whether BI 2536 treatment leads to up-regulation of miR-200c/141 promoter in 293T, MCF7, and MDA-MB-231 cells. The cells were transiently transfected with the miR-200c/141 promoter reporter, treated with BI 2536, and the luciferase activity was measured as described in the "Experimental Procedures." The results indicated that BI 2536 up-regulated miR-200c/141 promoter activity in all three cell types (Fig. 7D) .
Next, using 3Ј-UTR reporters that contain either wild type or mutant seed sequences of miR-200c and miR-141 present in BMI1 3Ј-UTR, we further confirmed that BI 2536-treated cells compared with untreated cells have a higher expression of miR-FIGURE 6. PLK1 inhibition induces premature senescence and exogenous BMI1 overcomes premature senescence induction by BI 2536. A, MCF7-B0 and MCF7-BMI1 cells were generated as described in Fig. 2 , plated and grown for 2 days, and treated with 50 nM BI 2536 in 6-well plates and co-stained for SA-␤-gal and EdU. The nuclei were visualized by DAPI staining as described in "Experimental Procedures." The cells were photographed under phase contrast (SA-␤-gal), red-filter (EdU), and UV-filter (DAPI). The percentage of SA-␤-gal-and EdU-positive cells were determined by counting 200 cells in randomly chosen field and plotted. In parallel, cells were also analyzed for the expression of PLK1, phospho-PLK1 (P-PLK1), BMI1, total H2A, H2AK119Ub, p53, p21, and ␤-actin by Western blot analysis as described in Fig. 1. B , MDA-MB-468-B0 and MDA-MB-468-BMI1 cells were either mock treated with DMSO or treated with 50 nM BI 2536 for 24 h, and studied for the induction of senescence by SA-␤-gal/EdU co-staining and Western blot analysis of indicated markers (including p16) as described above for MCF7-derived cells. Error bars represent Ϯ S.D. *, p Ͻ 0.05 (significant); NS, not significant.
200c and miR-141. The results show that activity of wild type 3Ј-UTR reporter (pLS-miR-200c WT and pLS-miR-141 WT) but not mutant 3Ј-UTR reporters (pLS-miR-200cMut and pLS-miR-141Mut) activity is down-regulated by BI 2536 treatment indicative of increased expression of miR-200c and miR-141 in BI 2536-treated cells (Fig. 7E ). In summary, these data strongly suggest that BI 2536 down-regulates BMI1 via up-regulation of the miR-200c/141 cluster.
Inhibition of miR-200c and miR-141 Overcomes Senescence Induction by PLK1 Inhibitor-To further confirm the role of miR-200c/141 cluster in PLK1 regulation of BMI1, we generated MCF7 and MDA-MB-231 cells stably expressing either miR-200c or miR-141 inhibitors, and determined whether in these cells BI 2536 can down-regulate BMI1 and induce premature senescence. The control, miR-200c, and miR-141 inhibitors expressing cells were treated with BI 2536 and the expression of BMI1, H2AK119Ub, p53, and p21 was determined by Western blot analysis ( Figs. 8 and 9 ). The data indicated that BI 2536 cannot down-regulate endogenous BMI1 and H2AK119Ub in cells that are stably expressing inhibitors of either miR-141 ( Fig. 8A) or miR-200c (Fig. 8B ). Furthermore, there was no induction of p53 and p21 in miR-141 inhibitor expressing cells by BI 2536 (Fig.  8A) , while slight induction of p53 and p21 was noticed in miR-200c inhibitor expressing cells (Fig. 8B) , which nevertheless was much less compared with their levels in control BI 2536 treated cells (Fig. 8, A and B) . Next, the miR-200c and miR-141 inhibi- A, MCF7 and MDA-MB-231 cells were treated with 0 (mock), 50, and 100 nM of PLK1 inhibitor BI 2536 for 24 h, and total RNA was prepared and analyzed for the expression of BMI1, miR-141, and miR-200c by qRT-PCR analysis using primers specific for each gene as described in "Experimental Procedures." B and C, MCF7 and MDA-MB-231 cells expressing a control and PLK shRNAs (B), and MCF10A control and PLK1-overexpressing cells (MCF10A-PLK1 WT) cells (C), were analyzed for the expression of BMI1, miR-141, and miR-200c by qRT-PCR analysis. D, promoter region of miR-200c/141 cluster was cloned in pGL4.18, and 293T, MCF7, and MDA-MB-231 cells (as indicated) were transiently transfected, and treated with 0, 50, and 100 nM of BI 2536. After 24 h, the cell lysates were prepared, and luciferase assays were performed as described in "Experimental Procedures." E, 3Ј-UTR assays using indicated pLS-luciferase reporter vectors were performed by transient transfection of vectors and a pTK-Cluc control plasmid in 293T, MCF7, and MDA-MB-231 cells as indicated. After transfection, cells were treated with BI 2536 as described above and relative luciferase activity each reporter was determined and plotted as described in "Experimental Procedures." Error bars represent Ϯ S.D. *, p Ͻ 0.05. tors expressing cells were studied for the induction of the senescent phenotype by BI 2536. The mock (DMSO) and BI 2536 treated control, and miR-200c and miR-141 inhibitors expressing cells were stained for SA-␤-gal and EdU. The stained cells were photographed, counted and plotted. The results indicated that BI 2536 induced premature senescence in control, but not in cells that are stably expressing inhibitors of either miR-200c or miR-141 ( Fig. 8, A and B, right panels) , indicating that both miR-200c and miR-141 mediates the senescence inducing phenotype of the PLK1 inhibitor BI 2536. Similar results were obtained in MDA-MB-231 cells indicating that miR-141/200c inhibitors can overcome growth inhibitory and senescence inducing effects of BI 2536 (Fig. 9, A and B) . Collectively, our data suggest that PLK1 inhibition leads to up-regulation of miR-200c and miR-141, which then down-regulate BMI1 leading to up-regulation of molecular markers of senescence and induction of premature senescence.
DISCUSSION
PcG proteins are aberrantly expressed in most cancer cells and are required for the self-renewal and proliferation of CSCs. The CSCs differentiate into non-stem cancer cells that form the A, MCF7 cells overexpressing either a control inhibitor (CtrlI) or miR-141 Inhibitor (miR-141I) were treated with BI 2536 or DMSO (mock) and analyzed for the expression of BMI1, phospho-PLK1, PLK1, H2AK119Ub, total H2A, p53, p21, and ␤-actin by the Western blot analysis as described in Fig. 1 (left panel) . MCF7-CtrlI and MCF7-miR-141I cells were also analyzed for the expression of miR-141 by qRT PCR analysis. The SA-␤-gal/EdU co-staining was carried out in BI 2536-treated MCF7 cells expressing (CtrlI), miR-141Inhibitor (miR-141I) and quantification of senescent (SA-␤-gal-positive) and proliferating (EdU-positive) cells was done as described in Fig. 6 . In this experiment EdU staining was detected using FITC-labeled secondary antibody (right panel). B, MCF7 cells expressing a control inhibitor (CtrlI) or miR-200c inhibitor (miR-200cI) were mock-and BI 2536-treated and studied by Western blot analysis and markers of senescence (SA-␤-gal/Edu) co-staining as described above for miR-141 inhibitor experiment. Each experiment was done in triplicates. The error bars represent Ϯ S.D. *, p Ͻ 0.05 (significant); NS, not significant.
bulk of the tumor, and are resistant to most chemotherapeutic agents (44) . Because CSCs are resistant to most therapeutics, they play a key role in tumor dormancy and disease recurrence. Hence, CSCs are attractive targets for cancer therapy as well as cancer prevention. BMI1, the most well characterized PcG protein is a critical regulator of CSCs (45) . The self-renewal of breast, prostate and colorectal CSCs have been shown to be regulated by BMI1 (10, 46, 47) . Hence, the therapeutics that target BMI1 and inhibit its PRC activity can potentially help in the treatment and prevention of breast, prostate, colorectal, and possibly other cancers.
Here, we report that BI 2536, a well-known inhibitor of PLK1, is a potent inhibitor of BMI1 and PRC1 activity. It also suppressed breast CSC phenotype, and induced cellular senescence, the two phenotypes strongly regulated by BMI1. The inhibition of BMI1 expression by BI 2536 suggests that this inhibitor has a broad anti-proliferative activity and that it can suppress the expression of oncogenic proteins such as BMI1, which are not structurally related to PLKs. It is very likely that such an inhibition by BI 2536 results indirectly via transcriptional, post-transcriptional, or posttranslational mechanisms. Indeed, our data suggest that BI 2536 up-regulates a tumor suppressive miRNA cluster, that encodes both miR-200c and miR-141, which inhibit epithelial to mesenchymal transition (EMT) and metastasis via posttranscriptional down-regulation of multiple targets, most notably ZEB1, and ZEB2 (48 -50) . The ZEB/miR-200c/141 feedback loop is thought to control cellular plasticity, which may be relevant to development and cancer (48, 49, 51) . Another important target of miR-200c/141 cluster is PcG protein BMI1 (10, 27) . It has been shown that miR-200c inhibits breast CSC phenotype by targeting BMI1 (10), and both miR-200c and miR-141 upregulate senescence, a strong tumor suppressive mechanism in HDFs (27) .
Induction of senescence by miR-200c and miR-141 depends on BMI1 (27) ; hence, BI 2536 may exhibit anti-proliferative activity via induction of premature senescence in tumor cells. Our data suggests that indeed BI 2536 induces senescence in breast cancer cells, which can be abrogated either by inhibiting miR-200c and miR-141 or by overexpression of an exogenous BMI1, which lacks targeting sequence for miR-200c/141. These data are consistent with a molecular mechanism whereby BI 2536 induces expression of miR-200c and miR-141, and these miRNAs act post-transcriptionally to down-regulate BMI1, resulting in induction of senescence. The induction of senescence in MCF7 cells by BI 2536 appears to involve p53/p21 pathway as BI 2536 strongly induced p53 and p21 in MCF7 cells. Because BMI1 overexpression attenuated the induction of p53 and p21 in these cells by BI 2536, it also reversed senescence induction by BI 2536. The senescence induction by BI 2536 is mediated by p53/p21 and p16INK4a tumor suppressors, depending on the genetic makeup of the cancer cells. In MCF7 cells, which do not express p16INK4a, induction of p53/p21 is sufficient to induce senescence. On the other hand, in MDA-MB-468 cells that express mutant p53 and a functional p16INK4a, BI 2536 induces p16INK4a, and p21 but not p53, suggesting that p53-independent induction of p21, and p16INK4a are sufficient to induce senescence by PLK1 inhibition. Both miR-200c and miR-141 can target additional cancer relevant and growth regulatory factors such as ZEB1 and ZEB2; it is possible that in addition to BMI1, these factors are also induced by BI 2536 and that they may also play a role in up-regulation of p53/p21 and p16INK4a, and induction of senescence. The PcG protein BMI1 itself can regulate many growth regulatory pathways including WNT pathway and other tumor suppressors such as p57. Hence, it is likely that PLK1 inhibition acts via deregulation of multiple growth pathways that act downstream of miR-200c/141 and BMI1. Regulation of additional factors by BI 2536, and targets other than p53/p21 in senescence induction is currently under investigation in our laboratory.
Although, BI 2536 is thought to be a specific inhibitor of PLK1, it is possible that it inhibits BMI1 via non-canonical mechanism, which involves a hitherto unknown mechanism by which BI 2536 induces miR-200c and miR-141 leading to downregulation of BMI1. However, our data do not favor this possibility, as the knockdown of PLK1 also downregulated BMI1 and induced both miR-200c and miR-141. Similarly, overexpression of PLK1 up-regulated BMI1, and suppressed the expression of miR-200c/141 cluster. Collectively, our data support a model whereby PLK1 inhibition leads to transcriptional up-regulation of the miR-200c/141 cluster, which results in down-regulation of BMI1 and suppression of the oncogenic phenotypes, including induction of premature senescence. Down-regulation of BMI1 and PRC1 activity very likely leads to the derepression of PRC targets, which include tumor suppressors and differentiation-specific growth inhibitors. There are many other PLK1 inhibitors in the clinical development (34, 35) , which may exhibit similar or stronger inhibitory activity toward PcG proteins, in particular BMI1. Studies presented here also suggest that PLK1 inhibitors could be used to suppress other BMI1-regulated oncogenic phenotypes, in particular CSC phenotype. As CSCs are thought to promote therapy resistance and play a role in activation of dormant cancer cells, PLK1 inhibitors could be used to eliminate CSC population and overcome therapy resistance. In summary, our data support therapeutic use of PLK1 inhibitors in various cancers where PcG proteins, in particular BMI1 are overexpressed and their targets are epigenetically silenced.
